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Description

[0001] This invention relates to a method of magnetic resonance (=MR) with spatial encoding to venerate an image
or spectroscopic data of an object of investigation inside an MR apparatus comprising the steps of:

(a) selecting a volume of interest within the object of investigation;

(b) applying an RF pulse to generate a transverse magnetization within the object of investigation

(c) preparing a nonlinear phase distribution within the object of investigation by application of spatially encoding
magnetic fields (SEMs), the SEMs comprising a nonlinear gradient field or a combination of linear and nonlinear
gradient fields;

(d) effecting primary spatial encoding through application of SEMs; and

(e) recording MR signals originating from the object of investigation.

Background of the Invention

[0002] In MR (magnetic resonance) methods, nuclear spins can be polarized by means of a strong static magnetic
field and then excited and manipulated using radiofrequency (RF) pulses and controlled magnetic fields. Generally, RF
pulses are delivered by means of external and transverse oscillating magnetic fields delivered in the neighborhood of
the Larmor frequency of the spin.

[0003] The primary method to obtain signals from a volume of interest within an object of investigation, e.g. in magnetic
resonance imaging (MRI), is by localization. There are many different methods of localization, each having particular
advantages and disadvantages.

[0004] Phase scrambling can be used to localize signals by causing suppression of signals in a strong magnetic field
gradient [ref. 7-12] or by performing a limited reconstruction or Fresnel reconstruction [ref. 14-15].

[0005] Also, radiofrequency (RF) coils may be used to detect signals from local regions. In this method, only spins
which are in close proximity to the RF coil are detected. Other spins lying farther away from the RF coil induce less
current in the RF coil and, consequently, the detectable signal from regions far from the coil is negligible.

[0006] Topical magnetic resonance is another method of signal localization [ref. 1-12], where external magnetic fields
are applied to localize the signal to the homogeneous isocenter of the magnet or to the far field of an externally applied,
but surface-lying gradient. These methods make use of line broadening or intravoxel dephasing techniques, such that
the total signal within a detectable region is cancelled by virtue of a broad line width or uniform dispersion of spin phase
over the region, respectively.

[0007] Thissituation occurs especially in the proximal region of a strong magneticfield gradient. Localization is achieved
by isolating spins which have a coherent phase and, therefore, a net detectable signal.

[0008] In previous inventions [ref. 2, 3], magnetic field gradients of 2nd order and higher are used to isolate regions
of homogeneity. Gradients of 2nd order and 4th order are used to vary the size of the region of homogeneity, although
one skilled in the art would recognize that combinations of high order gradient fields would give varying geometries.
There is no mechanism specified for further localization of signal beyond a single lumped region or how one could move
such a region or reshape it in a well-defined way. Instead, the sample itself is moved within the static field, which,
unfortunately, is unsuitable for current magnetic resonance imaging techniques, which have demands on patient posi-
tioning and comfort, as well as the ease of operator use.

[0009] Other disadvantages of these techniques is that they are isolated to the homogeneous center of the magnet,
broaden magnetic resonance signals unnecessarily, are poorly defined in shape, or not used as an anti-aliasing method
to increase scan resolution or further localization of signal in more than one dimension (topical magnetic resonance).
Apart from that, it is also difficult to manipulate or construct radiofrequency RF coils in such a way as to make a definite
volume.

[0010] Slice selection uses radiofrequency pulses in combination with magnetic field gradients that may be applied
to excite bands of signals that fall within the spectral response of the applied radiofrequency pulse. This method, in
combination with the first, is used the most often in practice. One such method of localization in 3 dimensions uses a
series of three pulses, one excitation pulse and two refocusing pulses, in conjunction with magnetic field gradients, to
localize a small voxel of signal.

[0011] In more complicated and less common techniques, arrays of radiofrequency coils, with independently control-
lable phase and frequency, in conjunction with time-varying magnetic field gradients are used to localize signals from
regions having complex shapes, such as single organs of a human body.

[0012] Some disadvantages, unique to the RF coil approach, are a) the nonuniformities of the radiofrequency field
across the volume and b) the relatively long time necessary to apply the sequence of RF pulses and gradients that will
localize the signal, during which the detectable signal can be lost and not recovered and the fact that c) shaped pulses
used for localization may deposit too much electromagnetic radiation in human subjects.
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[0013] In particular, as the Larmor frequency increases with the construction of ultra high static magnetic fields, (a)
and (c) increasingly limit the durations, shapes and amplitudes of radiofrequency pulses.

Summary of the invention

[0014] The present invention is directed toward an improved MR method and apparatus which overcomes the limita-
tions of other methods of localization set forth above.

[0015] The following presents a simplified summary of the invention in order to provide a basic understanding of some
aspects of the invention. This summary is not an exhaustive overview of the invention. It is not intended to identify key
or critical elements of the invention or to delineate the scope of the invention. Its sole purpose is to present some concepts
in a simplified form as a prelude to the more detailed description that is discussed later.

[0016] Inthe MR method according to the invention the preparing a nonlinear phase distribution step (c) or the effecting
a primary spatial encoding step (d) includes applying a sequence of at least two SEMSs, at least one of which contains
a nonlinear field gradient and at least two of which having different field geometries, wherein the sequence of SEMs is
being applied at a point in time from and including the excitation of the object of interest in step (b) up to and including
the recording of the MR signals in step (e), to thereby introduce a temporal shift of the signals arising from spatially
different locations within the selected volume of interest, that is to thereby introduce a shift of local spatial frequency
components, and wherein a sampling window for recording of the respective MR signals is set, such that signals originating
from the volume of interest are recorded in step (e) and undesired signals originating from outside the volume of interest
are suppressed.

[0017] In this invention an appropriate spatial frequency filter is designed to eliminate signals from outside the volume
of interest or modulate signals within using the local spatial frequency concept. The method according to the invention
allows for an arbitrary localization of MR signals by modulation of the local spatial frequencies. In preparing the nonlinear
phase distribution, the additional linear magnetic field in combination with the nonlinear gradient field is used to impart
a controllable shift of the object location - spatial frequency correspondence between locations in the object and respective
local spatial frequencies in the spatial frequency domain.

[0018] The present invention allows for shifting or translating the region over which the volume of interest is localized,
whereas TMR or phase-scrambled anti-aliased reconstructions are strictly limited to either the homogeneous isocenter
of the static magnetic field of the MR apparatus or the far field of a surface lying coil. Unlike topical magnetic resonance
techniques, the presentinvention necessarily involves magnetic field encoding together with a phase preparation function.
The extent of localization is determined by a combination of the voxel size and the amplitude of magnetic field moments
of the spatially encoding magnetic fields used.

[0019] The slice selection techniques use shaped RF pulses in combination with linear magnetic field gradients to
localize signals within the bandwidth of the RF pulse, thus requiring substantially longer echo times to generate an
accurate localization of signals.

[0020] Compared to most other phase scrambling techniques, the phase preparation function is sufficiently strong to
locally eliminate signals through the spatial encoding. The phase preparation function can be further used for suppression/
elimination of undesired spatial frequency components in a further signal processing steps following recording of the
MR signals.

[0021] In a preferred embodiment of the invention the nonlinear gradient field used in the preparing a nonlinear phase
distribution step (c) is a quadratic magnetic field resulting in a linear correspondence between locations within the object
of investigation and respective local spatial frequencies in the spatial frequency domain.

[0022] In yet another embodiment of the invention the preparing the nonlinear phase distribution step (c) and/or the
effecting a primary spatial encoding step (d) is/are performed in either two or three dimensions. A three-dimensional
approach facilitates MR sequences with improved signal-to-noise ratios, even though the design of a specific three-
dimensional magnetic field is by far more complex.

[0023] In yet another embodiment of the invention the magnetic field used in step (c) and/or (d) is spatially variable
and constant or variable in time, and the magnetic field is in particular being simultaneously applied during transmission
of a radiofrequency (RF) pulse. This allows for a flexible preparation of the phase preparation and/or spatial encoding
as well as a rapid signal acquisition.

[0024] The RF pulse used for generating a transverse magnetization within the object of investigation is preferably
caused by application of constant or pulsed currents to at least one RF coil or an array of RF coils.

[0025] In yet a further preferred embodiment of the invention, the nonlinear field is produced by a shim coil of first,
second or higher order, thereby making use of an already existing feature of MR apparatuses used in practice.

[0026] In yet another embodiment of the invention, a technique is used to reduce spatial frequency aliasing artifacts
from locations within the object of interest, the technique involving a multicoil reconstruction technique, in particular,
SENSE, GRAPPA or the like. Hereby, aliasing artifacts from inconsistent or misplaced encoded signals can be eliminated
by virtue of coil sensitivities.
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[0027] In yet another embodiment of the invention conventional imaging sequences, in particular, gradient echo, spin
echo, fast low angle shot (FLASH), fast spin echo (FSE), echo planar imaging (EPI), and/or nuclear imaging (CSl), are
used for generating an MR image or spectroscopic data.

[0028] In yet another embodiment of the invention Cartesian, radial, or spiral encoding strategies are used for filling
of the spatial frequency domain.

[0029] According to another embodiment of the invention, acceleration techniques are used, the acceleration tech-
niques making use of spatial frequency domain, in particular k-space (GRAPPA) or image space (SENSE) reconstruc-
tions. Thereby, acquisition of MRI or spectroscopic data can be further accelerated.

[0030] In yet another embodiment of the invention the (desired) spatial frequencies are acquired multiple times to
enhance the MR signals in a spatially dependent way.

[0031] In yet a further embodiment of the invention the MR echoes (signals) are reordered in single- or multishot
acquisitions. This can for example be performed by making use of the object location - spatial frequency correspondence
to define a reordered sequence, where for example frequency components belonging to regions, which are strongly
effected by long echo times, are acquired first.

Brief description of the drawings

[0032] Inthe accompanied drawings, which are incorporated in and constitute a part of this specification, embodiments
of the invention are illustrated, which together with a general description given above, and the detailed description given
below, serve to exemplify the essential principles of the invention. It will be appreciated, that those skilled in the art will
be able to devise various arrangements that, although not explicitly described or shown herein, embody the principles
of the invention and are included within its scope. Furthermore, all examples are to be construed as being without
limitation to such specifically recited examples and conditions. Moreover, all statements herein reciting principles, as-
pects, and embodiments of the invention, as well as specific examples thereof, are intended to encompass equivalents
thereof.

FIGs. 1A-D illustrate the relationship between the object (Fig. 1A), its reconstructed image (Fig.1B), the phase prep-
aration applied (Fig. 1C) and its Fourier domain signals (Fig. 1D);

FIGs. 2A-B  show adiagram depicting the object location - spatial frequency correspondence. For the case of quadratic
fields (Fig. 2A), this is a 1:1 correspondence. For phase preparations of arbitrary shape, there is some
other correspondence that maps object locations to their Fourier domain representations (Fig. 2B);

FIG. 3 shows a diagram depicting the one dimensional spatial variation in the phase imparted by a quadratic
phase preparation technique. The highlighted region is enhanced to demonstrate that over a small region
the frequency is approximately constant. Globally, the frequency increases in a spatially dependent way;

FIGs. 4A-D  depict a method to isolate signals by phase preparation and Fourier domain selection. In this technique,
the object (Fig. 4A) is related to its reconstructed image (Fig. 4B) by the distribution of signals in the
Fourier domain (Fig. 4C) determined by the phase preparation. The reconstructed object is determined
by Fourier domain selection (Fig. 4D), where one can choose the regions of signal to suppress from their
Fourier representation;

FIGs.5A-B show a diagram depicting the overlap and signal contamination between two signals in the Fourier domain.
These signals, which take the form of sinc functions (A), overlap to some extent, causing misregistration
of the object signal after reconstruction. For most biological tissues, the power spectrum (Fig. 5B), com-
puted by from the convolution of the overlap of the two signals, demonstrates that these signals are
largely localized;

FIG. 6 is a method for eliminating undesirable misregistration or aliasing of signals using a multiple channel
receive or parallel imaging technique. In this method, coefficients, which are the amplitudes of linear
combinations of signals from different coils, are used to compute the signals in the Fourier domain. All
signals are substituted with linear combinations of the old signals with amplitudes determined by coil
sensitivities. This method finds signals whose location is inconsistent with measured multiple receive coil
information and suppresses them;

FIG.7 illustrates three methods for modifications of existing MRI pulse sequences using nonlinear magnetic
fields preparation. (A) shows a spoiled gradient echo sequence with nonlinear magnetic field preparation
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following slice selection and before frequency encoding. (B) shows a fast spin echo (FSE) sequence with
nonlinear phase preparation applied following each refocusing pulse to prepare a unique nonlinear phase
distribution. (C) shows an echo planar imaging sequence with nonlinear phase preparation prior to the
EPI readout gradient echo train;

FIGs. 8A-B  show nonselective excitation methods used to implement nonlinear phase preparation and spatial en-
coding. In Fig. 8A, the nonlinear magnetic field is switched on following nonselective excitation, prior to
frequency encoding and possibly overlapping with any phase encoding magnetic fields. In Fig. 8B, the
nonlinear magnetic field is switched on following nonselective excitation, but prior to frequency encoding
in three dimensions;

FIG. 9 shows a diagram depicting the effect of reduced field of views with and without nonlinear magnetic fields
used to suppress undesirable signals. Here the effect of Cartesian encoding is to alias the undesirable
signal into the field of view;

FIG. 10 shows a diagram depicting the effect of changing the amplitude or duration of the localization gradients,
resulting in a translation or rotation of the localized imaging volume;

FIG. 11 shows a diagram depicting in vivo acquisition of MR-signals using a modified gradient echo sequence
used to select a volume of interest from within the object of investigation; and

FIG. 12 shows a diagram depicting a phantom acquisition using a modified fast spin echo acquisition to select
an arbitrary volume of interest from within the object of investigation. A filter is designed with the desired
image space profile with possible amplitude modulation. Spatial frequencies are acquired to take the
shape of the desired filter. That is, signals are removed by not acquiring spatial frequencies corresponding
with object locations and signals are modulated by acquiring spatial frequency signals more than once.

Detailed Description of the Invention

Selecting a volume of interest within the object of investigation (Step A)

[0033] There are various ways to select volume of interests from within an object of investigation that are well known
in the field of MR. The volume of interest may be selected with prior knowledge of the object’s position, which may
obtained from prior or ’scout’ images. These scout images are typically very short duration, low resolution images
obtained to determine the object’s specific placement and orientation within the MRI apparatus. Alternatively, a volume
of interest can be selected without this prior knowledge, in a fashion identical to the way the initial scout images are
acquired.

Preparing a transverse magnetitzation with nonlinear phase distribution

[0034] The transverse magnetization or signal in a MRI experiment is created by applying RF energy to the object in
the neighborhood of the spin Larmor frequency. The equation for the transverse magnetization is given by

S(t) =f p(X)el @ gy

where p(x) is a spin density function, which describes the distribution of magnetization resonating in the vicinity of the
Larmor frequency o, of the imaging experiment and ¢)(x,t) is the phase function, a time and spatially varying phase that
is imparted on the object. p(x) is a real function and can be expanded as a multidimensional Fourier series, whose
coefficients are called spatial frequencies. It is possible to expand the phase function to second order

. . . L. 1 . . - L
¢(x,t) = Pp(xo, t) + Vp(xo, t) - (X — Xo) + E(x — Xo) * H(Xo,t) - (X — %)
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and introducing the Hessian

0% (%o, 1)

Hl'j()_C‘Oit) = Ox:0%:
)

we define the wave vector

- N 1 . R
k(X —Xq, 1) = V(Xo,t) + 7 (X — Xo)H(Xo, 1)

[0035] To proceed further, the phase function must be defined explicitly. Step (b) applies generally to any transverse
magnetization with a nonlinear phase distribution prepared within the object of interest.
[0036] It's possible to decompose the phase functions into two parts, the

(1) phase preparation function L(x,t) and
(2) the encoding function E(x,t)

S(t) = et | p(X)L(x, t)E (x,t)d%

-0

[0037] The phase preparation function and encoding function serve distinct purposes. The phase preparation is used
to generate the object location-spatial frequency correspondence. This correspondence is a general mapping of object
locations to spatial frequencies in the Fourier domain. For the special case of a quadratic phase preparation, this
corresponds to a simple 1:1 mapping, where object locations are shifted proportional to the magnetic field moments qi.
[0038] The encoding function serves to encode the object in the spatial frequency domain. As is usually the case in
MR, the encoding function L(x,t) superimposes complex spatially-varying spatial frequencies, conventionally using linear
magnetic field gradients. Spatial encoding determines which spatial frequencies are acquired from the object.

Preparing a transverse magnetization with a quadratic phase distribution

[0039] A particular geometry composed of linear and quadratic magnetic fields corresponds to the conventional situ-
ation in magnetic resonance imaging with constant applied quadratic magnetic fields. This is just one example of a
nonlinear phase distribution prepare d within the object of investigation. In this embodiment, time varying linear magnetic
fields are applied and impart phase shifts across the object (encoding) and quadratic magnetic fields add an additional
spatially varying phase shift. Defining the encoding function

1
X

¢lrt) =[a1(t) () q3(8) () as(O]) Y
Xm=y
2xy

where each element q represents a time integral of the magnetic field amplitude over time



10

15

20

25

30

35

40

45

50

55

EP 2 410 347 A1

t
q ) =y f Gidt
0
[0040] The encoding functions can be written to second order as

- - qz + 2q4Yy + quxO]T X=Xy X—=Xx01" 195 Q4 1[X — Xy
6 = )
p(x,6) = (o, 1) + [qg + 2q5X0 = 2q4Ye] 1Y — yo] + [3’ - 3’0} [Q4 —CIS] [3’ - 3’0]

[0041] This result is exact to second order. Rewriting the signal equation

o0
S(t) = et f p(R)e =Tt (E=70) 43
[0042] The wave vector

T o qz2 + 2q4Y0 + ZquO]T x=x01" 195 qa
R — %o ) = [
(=%, 0) qs + 245X — 2q4Yp y= yo] [% _QS]

[0043] As illustrated by the wave vector equation k(x- ?0, t), to second order there is a linear relationship between the
gradient moments gi and the wave vector position. This relationship causes a 1:1 object location and spatial frequency
correspondence. That is, locations within the object have spatial frequencies which are translated linearly with their
positions i-io. The translation is given by the quadratic moments of the magnetic field g4 and g5.

Preparing a transverse magnetization with an arbitrary phase distribution

[0044] The object location - spatial frequency correspondence has been shown in the previous section for quadratic
phase distributions, but, quite generally, more complicated geometries could map spatial frequencies to arbitrary loca-
tions. This concept is illustrated in Figs. 1 A-D.

Fig. 1A shows the distribution of magnetization in object space and Fig. 1B the final reconstructed object after phase
preparation, magnetic field encoding and reconstruction. The signal from the final reconstructed object has been localized
along the left-right direction due to the phase preparation function in Fig. 1C. The phase preparation shown here is an
arbitrary function in space, whose flux lines determine local spatial frequency shifts. A map of the acquired signal in Fig.
1D shows some distribution of the signal energy according to the phase preparation function in the Fourier domain.
[0045] The flexibility with which one chooses the phase preparation function determines the correspondence between
object space and the Fourier domain. For the case of a second order phase preparation function, there is a 1:1 corre-
spondence between the object location and its Fourier domain representation. That is to say that object locations have
their spatial frequencies shifted linearly with distance. More complicated geometries of the phase preparation function
need not specify a 1:1 correspondence, but rather map local spatial frequencies to multiple identical points in the Fourier
domain. This concept is illustrated in Figs. 2A-B. In Figure 2A, there is a 1:1 correspondence between the object
locations and the mapping to locations in the Fourier domain. This kind of 1:1 mapping could be set up through quadratic
fields as described earlier. In Figure 2B, a different sort of mapping is set up, such that two object locations are mapped
to the same spatial frequency. For this mapping, a different sort of phase preparation is necessary.

Effecting a Primary Spatial Encoding (Step (D))

[0046] Spatial encoding is a method to acquire particular spatial frequencies using MRI and is conventionally performed
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by using linear magnetic field gradients. Spatial frequencies are encoded by acquiring data at spatial frequencies pre-
determined by the encoding process, also called the encoding or k-space trajectory.

[0047] The extent of the region from which signal is obtained is determined by the phase preparation function together
with the encoding function, which, in turn, determines the voxel dimensions and signal spread. Consider a one dimensional
phase preparation function for the case of a 2nd order spherical field as shown in Figure 3. The phase preparation
function takes the form of a chirp function, whose frequency varies linearly in space. For some infinitesimal shift in
position x—x+Ax, the change in the phase is approximately linear with x

dp(x, t) Lt gl
Y ZVXJO a,5(t)dt

[0048] In the Fourier domain, this corresponds to a signal with spatial frequencies whose amplitudes are determined
by the convolution

FP*A)K) = p(x)L(x)

[0049] The Fourier representation is the convolution between the Fourier transform of the object and phase preparation
function. This convolution acts to redistribute signal energy in the Fourier domain. Although the phase preparation
function here is a one dimensional quadratic field, any function L(x) can redistribute the object spatial frequencies
according to the correspondence principle.

[0050] The encoding function E(x) constrains the Fourier components sampled during the experiment. Because data
is only sampled for a fixed period of time, spatial frequencies greater than k,,,,, are not recovered.

For Cartesian encoding, this maximum spatial frequency

t
!
Konax = Vf Grmax () dL
0
. de " . C . o
[0051] Therefore, combining -E-—and kmax terms, the position outside of which signal is not recovered is given by
X

t 1 f
f() q2,3(t )dt _ q2,3TadC
fot qas(dt’ 294574

Xeutoff =

[0052] The size of the window is twice this distance

t 7 '
Jy @2s(E)dt gy 3T,

[Fqus(@ydt dasTa

Xwindow

[0053] Theregionfromwhich signalis obtained can be shifted to a new location x,,yq by adjusting the phase preparation
function. In the following derivation, we show how the new magnetic field moments may be expressed as combinations
of linear and quadratic magnetic fields. The magnetic field moments at the origin are given by g; and the primed moments,
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which constrain the region from which signal is obtained, can be found through the equality

qr(x'? —y?) + qs(2x'y") + qix" + g5y’ =
qal(x = %)% — (¥ — ¥0)?] +qs2(x — x0)(y — ¥o) + q2(x —xp) + q3(y —y) — C

[0054] Where after some algebra, the primed gradients can be determined by grouping like terms in powers of x and y.

qy = —=2q4%g — 2q5Yo + q2
q3 = 2G4y — 245X + q3
C = qa(x§ — y8) + 2q5%Y0 — 92%0 — 3Yo

[0055] When the gradients are located precisely at the origin, the linear gradient terms q,,3 = 0.
[0056] Rotations are accomplished by rotating the quadratic field some angle 6.

gy = qqc080 ~ gs Sind
gc = q48in @ + gg cos

Encoding and Modulation of Spatial Frequencies

[0057] MRI signals can be localized by acquisition or modulation of spatial frequency signals. In this technique, par-
ticular spatial frequencies are not encoded, encoded more than once to locally modulate the signal within the volume
of investigation, or acquired in a reordered encoding strategy to manipulate contrast or reduce artifacts.

There are several examples of methods for Fourier domain spatial frequency selection:

[0058] Signal energy elimination: A general method to localize signals is to remove the bulk of the signal energy in
the Fourier domain. There are several methods to identify the bulk of signal energy, but one simple method is simple
selection of the zero frequency components, which usually contain the most signal energy. Other methods may involve
a weighted sum of spatial frequency signals, selection of spatial frequencies whose amplitudes are within a range of
predetermined threshold values, or selection of spatial frequencies above a specific noise level.

[0059] Direct current (DC) Selection: MR(l) spatial frequency amplitudes of most objects of investigation are concen-
trated around the zero-frequency () component of the signal. The DC selection requires an amplitude or a phase mod-
ulation of the dc signal only. Due to the object location - spatial frequency correspondence, the modulation of the spatial
frequency signal affects only the dc component of the signal at that location.

[0060] Coil Method: RF coil arrays can provide additional localization information, particularly if the RF coil sensitivities
are orthogonal or do not substantially overlap. In one embodiment, Fourier transformation is performed separately on
data acquired from each coil. Aliased signals containing typically high spatial information will be suppressed if those
signals do not originate from the coils nearest to that location.

10
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[0061] Figs. 4A-D illustrate the concept of DC selection mentioned above. Fig. 4A shows a reconstructed object
having only a phase preparation and spatial encoding. The Fourier domain representation of this object and its phase
preparation is shown in Fig. 4B. A Fourier domain selection is shown in Figs. 4C and 4D. The desired object locations
are selected from the full Fourier acquisition by selective deletion and zero filling, partial Fourier reconstruction or a
conjugate phase reconstruction, among other techniques.

[0062] Fig. 12 shows an example of both spatial frequency selection and amplitude modulation using a predefined
filter taking the form of a Shepp-Logan phantom. The image is localized by only acquiring spatial frequencies from
signals originating from the volume of interest.

Amplitude modulation is performed by reordering the acquisition of the signals using the pulse sequence or by acquiring
those signals multiple times. This has the advantage of reducing artifacts and improving signals without appreciably
increasing the scan time.

‘Bulk’ Spatial Frequency Energy

[0063] It is useful to understand the relationship between the nonlinear phase distribution (step C) and the spatial
encoding process (step D).

Why do spatial frequencies of the object which are not encoded not contribute substantially to the final image? Why can
additional or reordered acquisitions locally modulate the signal within the object?

[0064] The phase preparation function creates a spatially varying wave vector k(x -io,t) that maps signals from one
location to another in the Fourier domain. Fourier domain signals, however, do not have a finite extent, but rather real
objects are composed of an infinite number of spatial frequencies. In practice, this means that there is some overlap of
signals from multiple locations. The extent of this overlap is determined by the phase preparation function.

[0065] Figs. 5A-B show the overlap of two signals in the Fourier domain. The bulk of the signal energy is carried by
the center lobe and tapers off.

Fig. 5A shows two signals in the Fourier domain whose shape takes the form of a sinc function:

sin((k — ko)x)  sin((k — ky)x)
U—kox T (k—kpx

§(k) = S1(k) + S, (k) =

[0066] There is some overlap between the sinc functions, which results in signal contamination from one location
within the object of interest to another. The amount of contamination can be determined by a power spectrum convolution
of the two functions:

P(x) = logy, fmSl (k)S, (% — k)dk

where the power (in dB) of the contamination is determined by the convolution of the two signals.

[0067] The power spectrum depicted in Fig. 5B shows that the amount of contamination falls by a factor of 10 a short
distance from the central lobe. This rapid decline in the amount of signal contamination limits the amount of artifacts
that occur as a result of the nonlinear phase distribution. The greater the dispersion of the object’'s Fourier domain
representation, the greater the contamination and aliasing that may occur.

[0068] Object locations with high spatial frequency characteristics may result in significant contamination, however,
for most objects encoded, e.g. in medical imaging, the contamination is limited and the signal is effectively localized.

Reduction of High Spatial Frequency Aliasing Artifacts Using Multiple Receiver Coils

[0069] It was shown in the previous section that the rapid decay in signal power inherently suppresses contamination
from other locations. Contamination is small on account of the spread of spatial frequency energy in an object’s particular
Fourier domain representation. There are, however, instances in which the object has an unusually disperse signal in
the Fourier domain. Under these conditions, a reconstructed object may have an undesirable amount of contamination
from other locations. There is a solution that may be used to additionally suppress these unwanted signals that uses
information from multiple receiver coils.
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[0070] In this method, as illustrated in Fig. 6, signals from multiple receiver coils are used to generate a composite
reconstruction with the undesirable signals, typically high spatial frequencies, suppressed.

[0071] This method is similar to the generalized autocalibrating partially parallel acquisitions technique (GRAPPA). A
multidimensional kernel is selected, which operates over the entirety of acquired signals in the Fourier domain. For the
two dimensional case, shown in Fig. 6, a matrix of dimensions Nkx - Nky. Nc X Kkx - Kky - Nc is constructed, where
Nkx and Nky are the number of acquired signals in the Fourier domain, Nc the number of receivers used, and Kkx, ky
gives the dimensionality of the GRAPPA kernel, the extent of the signals surrounding the central signal to be replaced.
[0072] Inone method, the coefficients used to reconstruct the k-space signals are given by the least squares solution

x=A%b

[0073] These coefficients are used to replace all signals in the final matrix with their anti-aliased solutions. In addition,
the multiple receiver coils can be used for localization or to improve the signal-to-noise ratio of the image.

Pulse Sequences

[0074] There are multiple techniques in which the nonlinear phase preparation function may be generated. Several
examples of pulse sequence techniques are presented here.

Phase Preparation with External Magnetic Fields:

[0075] The phase preparation function can be generated using external magnetic fields. Either a pulsed magnetic
field or a continuous magnetic field can be applied following RF slice-selective or nonselective excitation.

[0076] Fig. 7 shows three example of how conventional pulse sequences may be modified with additional nonlinear
magnetic fields:

Modified Conventional Pulse Sequences:

[0077] In example A a conventional gradient echo sequence has been modified to apply a nonlinear magnetic field
immediately following RF excitation and prior to data acquisition.

[0078] In this strategy, the nonlinear field gradient is applied after every RF pulse and may or may not be refocused
using an additional nonlinear field gradient following the data acquisition period. If the nonlinear gradient is not refocused,
coherent magnetization pathways may form having undergone multiple periods of dephasing or rephasing from the
nonlinear gradient pulse.

[0079] In example B of Fig. 7 a conventional fast spin echo (turbo spin echo) acquisition has been modified to include
additional nonlinear gradient pulses before and after data acquisition each time the magnetization is refocused to form
a spin echo. An alternative strategy may be to prepare the magnetization during the time between the initial excitation
pulse and the first refocusing pulse (not shown). When the magnetization is prepared in this way, it is not necessary to
pulse the magnetic fields during each formation of the spin echo.

[0080] In example C of Fig. 7 a conventional echo planar imaging (EPI) sequence has been modified to include
nonlinear magnetic fields immediately prior to the acquisition train. This strategy has the advantage of having a shorter
interecho period, especially if the nonlinear magnetic field has a duration longer than the maximum time for phase
encoding or ramping of the read gradients before and after data acquisition.

Multidimensional Localization Using Nonselective Excitation and Nonlinear Magnetic Fields

[0081] In MRI techniques localization is typically performed using slice selection, which uses a combination of shaped
RF pulses and linear magnetic field gradients. For some applications, the effective echo times for these conventional
localization strategies are too long. In these cases, it may be fortuitous to use only a combination of nonselective excitation
and nonlinear magnetic field gradients. This technique has the advantage of having a shorter effective echo time when
the time for excitation and localization using the nonlinear gradient fields is sufficiently faster than the total time for
localization using shaped RF excitation and linear magnetic fields. In addition, shaped RF pulses are less energy efficient
than nonselective RF. In situations where the total energy deposited in tissues by the shaped RF exceeds the maximum
regulated amount then nonlinear localization techniques are beneficial. This is particularly relevant at high static magnetic
field strengths and in cases where the excitation profile has a nontrivial shape.

[0082] Figs. 8A-B show two examples of multidimensional localization strategies using only a nonselective excitation
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followed by a nonlinear gradient pulse. In Fig. 8A, a nonselective excitation is followed by a standard Cartesian echo
acquisition.

[0083] Fig. 8B presents a technique using a radial, ultra short echo sequence, where the minimum echo time is
determined only by the duration of the nonlinear magnetic field pulse, thus further reducing echo times.

Phase Preparation with RF Excitation

[0084] An alternative to preparation using external magnetic fields is to generate the phase preparation function using
tailored radiofrequency excitation followed by standard spatial encoding. The phase preparation can be generated by
frequency swept RF pulses with or without modulated amplitudes, transmitted through one or multiple channels, possibly
together with gradient pulses.

Method Implementation

[0085] Feasibility of the invention was tested on a 3 T clinical MRI device (Siemens Medical Solutions, Erlangen,
Germany, Trio Model) equipped with a birdcage transmit and 8-channel receive array and two custom pulsed magnetic
field inserts. A gradient echo pulse sequence was programmed in the software development environment IDEA. Phase
preparation was applied by pulsed magnetic fields between slice-selective excitation and readout.

Phantom Reduced Field of View Imaging

[0086] Fig. 9 demonstrates the use of the phase preparation module to acquire reduced field of view images. These
images were encoded such that the spatial resolution and matrix size would cause significant aliasing in the absence
of the phase preparation pulses (Fig. 9, first row).

In Fig. 9, second row, a sufficient phase preparation was applied to suppress the signal from regions outside the desired
encoded region.

[0087] As canbe seenform Fig. 9, third row, small areas of localized signal could be obtained with the same resolution,
without modification to the encoding functions.

[0088] The ability to shift or rotate the desired region is illustrated in Fig. 10.

In the phase preparation module, additional linear gradients were pulsed along the x and y axis to generate a shift as
described in the section ’Isolating MRI Signals by Phase Preparation and Spatial Encoding’. The direction and size of
the shift is determined by spatial encoding, other phase preparations, and, for the case of pulsed magnetic fields, their
magnetic field moments. Rotation can be accomplished by an alternative phase preparation scheme. In this case,
transformation of the applied pulsed magnetic field moments to a rotated coordinate system determines the shape and
rotation of the field.

In Vivo Reduced Field of View Imaging

[0089] Fig. 11 shows human brain images obtained using a modified gradient echo sequence as described in context
with example A in Fig. 7.

[0090] The field of view is reduced without aliasing because of the local spatial frequencies outside the object are not
sampled during the spatial encoding process. This allows the user to reduce the field-of-view without Fourier aliasing
of the signal. The image resolution can be increased significantly within the object of investigation with no change in the
total scan time of the acquisition.

Phantom Multidimensional Localization and Local Signal Modulation

[0091] Images depicting multidimensional localization are obtained using a modified fast spin echo sequence (c.f. Fig.
7, example B) in Fig. 12. Filtering is performed by removing spatial frequency signals from the final acquisition by filtering
or by avoiding acquisition of those spatial frequencies during spatial encoding. In this example, a Fourier selection filter
taking the form of Shepp-Logan phantom is used to localize signals from the object of investigation. Furthermore, each
spatial location can be weighted by the filter itself or by acquiring the same signal multiple times during spatial encoding.
[0092] The invention relates to a method of MR with spatial encoding to generate an image or spectroscopic data of
an object of investigation inside an MR apparatus comprising the steps of:

(a) selecting a volume of interest within the object of investigation;

(b) applying an RF pulse to generate a transverse magnetization within the object of investigation
(c) preparing a nonlinear phase distribution within the object of investigation by application of spatially encoding
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magnetic fields (SEMs), the SEMs comprising of a nonlinear gradient field or a combination of linear and nonlinear
gradient fields;

(d) effecting primary spatial encoding through application of SEMs; and

(e) recording MR signals originating from the object of investigation;

[0093] According to the invention step (c) or (d) comprises applying a sequence of at least two SEMs, at least one of
which contains a nonlinear field gradient and at least two of which having different field geometries. The sequence of
SEMs is applied at a point in time from and including the excitation of the object of interest in step (b) up to and including
the recording of the MR signals in step (e), to thereby introduce a temporal shift of the signals arising from spatially
different locations within the selected volume of interest, that is to thereby introduce a shift of local spatial frequency
components. A sampling window for recording of the respective MR signals is set and Signals originating from the
volume of interest are recorded in step (e) and undesired signals originating from outside the volume of interest are
suppressed.
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Claims

A method of magnetic resonance (=MR) with spatial encoding to generate an image or spectroscopic data of an
object of investigation inside an MR apparatus comprising the steps of:

(a) selecting a volume of interest within the object of investigation;

(b) applying an RF pulse to generate a transverse magnetization within the object of investigation

(c) preparing a nonlinear phase distribution within the object of investigation by application of spatially encoding
magnetic fields (SEMs), the SEMs comprising a nonlinear gradient field or a combination of linear and nonlinear
gradient fields;

(d) effecting primary spatial encoding through application of SEMs; and

(e) recording MR signals originating from the object of investigation,

characterized in that

step (c) or (d) comprises

applying a sequence of at least two SEMs, at least one of which contains a nonlinear field gradient and at least
two of which have different field geometries,

wherein the sequence of the at least two SEMs is being applied at a point in time from and including the excitation
of the object of interest in step (b) up to and including the recording of the MR signals in step (e),

to thereby introduce a temporal shift of the signals arising from spatially different locations within the selected
volume of interest, that is to thereby introduce a shift of local spatial frequency components,

and wherein a sampling window for recording of the respective MR signals is set,

such that signals originating from the volume of interest are recorded in step (e) and undesired signals originating
from outside the volume of interest are suppressed.

The method according to claim 1, wherein the nonlinear gradient field used in step (c) is a quadratic magnetic field
resulting in a linear correspondence between locations within the object of investigation and respective local spatial

frequencies in the spatial frequency domain.

The method according to any of the preceding claims, wherein the preparing the nonlinear phase distribution step
(c) and/or the effecting a primary spatial encoding step (d) are/is performed in either two or three dimensions.

The method according to claims 2 or 3, wherein the magnetic fields used in step (c) and/or (d) are spatially variable
and constant or variable in time, and the magnetic field being simultaneously applied during transmission of a

radiofrequency (RF) pulse.

The method according to any of the preceding claims, wherein the nonlinear field is produced by a shim coil of first,
second or higher order.

The method according to any of the preceding claims wherein a technique is used to reduce spatial frequency
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aliasing artifacts from locations within the object of interest, the technique involving a multicoil reconstruction tech-
nique, in particular, SENSE, GRAPPA or the like, to eliminate aliasing artifacts from inconsistent or misplaced
encoded signals by virtue of the coil sensitivities.

The method according to any of the preceding claims, wherein the conventional imaging sequences, in particular,
gradient echo, spin echo, fast low angle shot (FLASH), fast spin echo (FSE), echo planar imaging (EPI), and/or
nuclear magnetic resonance spectroscopy techniques, in particular, chemical shift imaging (CSl), are used for
generating the image or spectroscopic data.

The method according to claim 8, wherein Cartesian, radial, or spiral encoding strategies are used for filling of the
spatial frequency domain.

The method of claims 7 or 8, wherein acceleration techniques are used, the acceleration techniques making use
of spatial frequency domain, in particular k-space (GRAPPA), or image space (SENSE) reconstructions.

The method of claim 1, wherein desired spatial frequencies are acquired multiple times to enhance signals in a
spatially dependent way.

The method of claim 1, wherein MR-echoes are reordered in single- or multi-shot acquisitions.
The method according to any of the preceding claims, wherein undesired spatial frequency components are sup-
pressed by a further post-processing, the post-processing in particular consisting of disregarding said undesired

spatial frequency components.

A use of the method according to any of the preceding claims for imaging a human body with reduced image
acquisition time at a given resolution by eliminating signals from outside a specified volume of interest.

A magnetic resonance (MR) apparatus for use of a method according to any one of the claims 1 to 12.
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